Abstract: Fibrinogen-related domains (FReDs) are found in a variety of animal proteins with widely different functions, ranging from non-self recognition to clot formation. All appear to have a common surface where binding of one sort or other occurs. An examination of 19 completed animal genomes-including a sponge and sea anemone, six protostomes, and 11 deuterostomeshas allowed phylogenies to be constructed that show where various types of FReP (proteins containing FReDs) first made their appearance. Comparisons of sequences and structures also reveal particular features that correlate with function, including the influence of neighbor-domains. A particular set of insertions in the carboxyl-terminal subdomain was involved in the transition from structures known to bind sugars to those known to bind amino-terminal peptides. Perhaps not unexpectedly, FReDs with different functions have changed at different rates, with ficolins by far the fastest changing group. Significantly, the greatest amount of change in ficolin FReDs occurs in the third subdomain (''P domain''), the very opposite of the situation in most other vertebrate FReDs. The unbalanced style of change was also observed in FReDs from nonchordates, many of which have been implicated in innate immunity.
Introduction
Fibrinogen-related domains (FReDs) take their name from the globular portions of vertebrate fibrinogen molecules where they were first recognized. 1 Homologs have since been found in a wide variety of proteins from vertebrates, including tenascins (initially called cytotactin 2 or hexabrachion 3 ), ficolins, 4 angiopoietins, 5 fibroleukin, 6 and some other extracellular proteins. [7] [8] [9] They are also found in nonvertebrate animals of all kinds. [10] [11] [12] [13] [14] Unlike the eponymous fibrinogen molecule-where the domains are directly involved in the formation of Abbreviations: Fn3 domain, fibronectin type III domain; FReD, fibrinogen-related domain; FReP, fibrinogen-related protein; MFAgp, microfibril-associated glycoprotein; NCBI, National Center for Biotechnology Information.
fibrin clots-most of these proteins are engaged in interactions with cell surfaces, either of host or alien origin (Table I) .
Reviews dealing with particular kinds of FReP (proteins containing FReDs) have appeared over the years, including several recently published. [15] [16] [17] Here, we report a comprehensive analysis of the phylogenetic distribution of all kinds of FReD, with special attention being paid to structural modifications that correlate with changes in function as new domain combinations emerged during the course of evolution.
Defining FReDs
When FReDs were first described 20 years ago, 1 it was recognized that the term ''domain'' was being used casually and that FReDs actually consist of definable substructures. Later, the first X-ray determination of a fibrinogen domain to be reported, 18 the cC domain, showed that there are three distinguishable subdomains, referred to as A, B, and P ( Fig. 1 ).
The subdomains are often-but not as a ruleencoded on separate exons. In the interval since that initial report, crystal structures have been determined for a variety of FReDs, including the bC and a 0 C domains from fibrinogen, 19, 20 an angiopoietin, 21 three ficolins, 22, 23 and a tachylectin from the horseshoe crab. 24 All are globular entities built around a central five-stranded beta sheet. The amino-terminal subdomain (''A domain'') amounts to about 50 residues and is characterized by a disulfide bond, the cysteines of which are typically separated by 28 6 2 residues. The second and third subdomains are intimately associated, the middle strand of the central b sheet that constitutes the second subdomain actually being provided by a segment that appears sequentially after the third subdomain. The two subdomains together amount to about 150 residues, although there is considerable variation in the carboxyl-terminal region that occurs after the unusually positioned b strand.
Importantly, the third (carboxyl-terminal) subdomain contains a unique disulfide bond, the cysteines of which almost always have 12 residues between them. Moreover, in all but one of the structures that have been determined (upwards of two dozen for eight different kinds of FReD studied) [18] [19] [20] [21] [22] [23] [24] the peptide bond between the second cysteine and its amino-terminal neighbor is cis (in the single exception, under some circumstances a cis-trans interconversion can take place 23 ). All known structures contain a bound calcium ion in the vicinity of this segment. Typically, this subdomain has a recognizable binding site in this same region-a well sculpted ''hole'' in some-where the known interactions with putative ligands occur. In this regard, many FReDs are designated as lectins and are known to bind sugars or sugar derivatives, including in some cases components of substances found on bacterial surfaces. In marked contrast, the holes in vertebrate fibrinogen ''FReDs'' bind amino-terminal peptide ''knobs'' emanating from the central regions of other fibrinogen molecules and account for the initial step in fibrin polymerization. As far as is known, when they occur in the company of other domains, FReDs are always at the carboxyl ends of polypeptide chains. Past reports of FReDs occurring as internal sequences have been found to be the results of mistakes in the automated prediction of exon splicing, and especially the omission of exons from adjacent genes. 25, 26 Other criteria can be used to categorize FReDs besides sequence-based phylogenetic trees, including the kinds of domain that occur as their nearest neighbor on the amino-terminal side. These domains, when they occur, can be two-or three-stranded coiled coils, simple tethers, fibronectin type III domains (FN3), or collagen domains; many are uncharacterized, simple connectors without homology to other known proteins. For the most part, sequence-based phylogenies of the FReDs themselves are in accordance with the occurrence of the neighboring segments; additionally, specific and easily recognized motifs are often associated with particular FReD types.
As for function, neighbor domains play key roles in presenting the interactive surfaces of FReDs. For example, the tight triple-helix nature of a collagen segment insures that the three terminal FReDs are packed together as a symmetrical homotrimer, a feature with obvious advantage for binding to surfaces with numerous, uniformly distributed ligands, as might be expected to occur on the cell walls of bacteria. Coiled-coils are also important in how FReDs are displayed, the two-stranded sort leading to sideby-side FReDs that can bind to and bring together diffusible entities on cell surfaces. The oligomeric association of FReDs can also occur independent of and in the absence of adjacent domains.
The approach
Our study began with an inventory of FReDs in various genome databases. The current version of the SMART database 27 30 The NEC (an acronym based on the neuro and collagenous environments in which they frequently occur) domain corresponds exactly to the A subdomain of a FReD. NEC domains are more widespread than FReDs and are found not only in animals but also in choanoflagellates, some other protists, and a restricted group of bacteria.
*
The functions of NEC domains in those other settings have no bearing on the subjects being considered here, and in this article-unless stated otherwise-FReDs consist of all three subdomains. All told, we identified 564 full-length FReDs in 19 representative genomes. A full listing of FRePs used in this study, complete with their NCBI designations, is provided in the Supporting Information (Supporting Information Table S1 ).
When the inventory was complete, a phylogeny was constructed of the 23 FReDs found in the human genome, all of which have a history of careful study by actual experiment. The tree of human FReDs was then used as a template for assigning FReDs found in other chordate genomes. Consideration was also given to amino-terminal neighboring domains (Table I) . Interactions usually occur on the outer face of the third subdomain (''P domain''). Note how the central strand of the main sheet (green) is provided by a sequence segment that occurs after the third subdomain. *In the way of an exception to every rule, we identified a single full-sized FReD in the genome of the bacterium Bacteriovax marinus (recently renamed from being Bdellovibrio stolpii), 31 the evolutionary history of which remains mysterious.
Results

FRePs in vertebrates
(also called angiopoietin-like), (e) three fibrinogen domains (bC, cC, and the minor form called a 0 C) (f) fibroleukin, (g) hepassocin, (h) the fibCD1 protein, and (i) the microfibril associated glycoprotein (MFAgp) (Fig. 2) . The distribution of orthologs of these proteins was determined for eight other vertebrates (Table II) . Initial assignments were made on the basis of how FReD sequences from those other organisms clustered with their human counterparts in phylogenetic trees. As an example, the results of the human-chicken comparison are shown in Figure  3 . Although human and chicken both have 23 FRePs, they are not the same 23; gains and losses were sustained along both lineages. Comparisons with FReD collections from seven other vertebrates are available as Supporting Information (Supporting Information Figures S2-S12) ; the results for each of the major types of FReP are summarized in the following sections.
Tenascins. Alternative splicing aside, four different tenascins are encoded in the human genome: tenascin-C, tenascin-W, tenascin-R, and tenascin-X. Genes for these same tenascins are found in almost all of the vertebrate genomes we examined. An additional tenascin-C was previously reported for two species of puffer fish. 33 We now find that zebrafish and mangofish also have two different tenascin-C genes, and additionally, mangofish has two tenascin-X genes, for a total of six tenascin FReD genes. Contrarily, the currently available draft genome sequences for the opossum and platypus genomes both lack a tenascin-X (Supporting Information Figures S2  and S3 ). Ficolins. The human genome encodes three different ficolins, usually designated L-, M-, and H-(also called ficolin-1, -2, and -3). The three types differ with regard to the number of collagen triplets (GXX-) in the amino-terminal segment, leading to slightly different molecular weights. The distribution of ficolins among non-mammalian vertebrates varies greatly. None has been found in any fish (Table II) . In direct contrast, the African clawed frog, Xenopus (Silurana) tropicalis, has 25 verifiable ficolins. Four of these do not have collagen segments, but phylogenetic analysis shows they have lost those segments, as opposed to never having had them (Supporting Information Figure S5 ). The number of collagen-triplets in the remaining 21 ranges from 2 to 36.
The Green anole lizard, Anolis carolinensis, has four quite similar ficolins, the result of three recent gene duplications (Supporting Information Figure S4 ). Chicken (Gallus gallus) and platypus (Ornithorynchus anatinus) each have a single ficolin encoded in their genomes, but the opossum (Monodelphinus domesticus) has orthologs of all three human types (Table II) .
Angiopoietins. There has been confusion about the number of angiopoietins in humans and other mammals, some literature citations, as well as the NCBI protein database, listing four angiopoietins (angiopoietin-1, angiopoietin-2, angiopoietin-3, and angiopoietin-4). However, in the NCBI listing, as well as in structural alignments shown in some publications, 21 angiopoietins-3 and -4 are identical (NCBI: AAD31728.1 and EAX10654.1). To confuse matters further, there is a set of angiopoietin-like proteins-the ANGPTL-series-that are sometimes called angioarrestins. 32 Authentic angiopoietins, by which we mean angiopoietins-1, -2, and -3 (or -4) are unique among FReDs in having a third disulfide bond, readily recognizable as a C-X-C-X-C motif in a critical region of the third subdomain. By this criterion, we count three authentic angiopoietins in humans (Fig. 2) . However a fourth FReD, ANGPTL-7, clusters with these three phylogenetically and also has an extra disulfide bond, one of its cysteines corresponding to those in authentic angiopoietins.
Non-mammalian vertebrate genomes vary with regard to the number of authentic angiopoietin sequences they encode. Opossum, platypus, chicken, and frog have three, like humans, but the green anole lizard and mangofish have four, zebrafish has three (two of which were previously cloned 34 ), and lamprey has six, all of which contain the CXCXC motif with the extra disulfide bond (Table II) .
Angiopoietin-like Proteins (Angioarrestins).
In humans, three angiopoietin-like FReDs-ANGPTL-1, -2, and -5-form a distinct phylogenetic clade. Like genuine angiopoietins, these angioarrestins have amino-terminal, long two-stranded a-helical coiled coils, but, unlike the real angiopoietins, the angioarrestins have a proline-rich segment between the coiled coils and the FReD. Two other angiopoietin-like FReDs, ANGPTL-4 and -6, branch independently in the overall phylogeny (Fig. 2) ; both have shorter amino-terminal segments. A sixth, the ANGPTL-7, as mentioned above, clusters with the three genuine angiopoietins, but does not have the full CXCXC motif found in the other three. A seventh angiopoietin-related protein (ANGPTL-3) was not included in our trees because it lacks the third (carboxyl-terminal) subdomain.
The criteria for assigning FReDs from non-mammalian vertebrates to the angioarrestin group included clustering with assigned ANGPTL-FReDs from human, as well as the absence of the CXCXC motif in the third domain disulfide region. Additionally, in considering orthologs of the main group of three, we looked for the proline-rich segment that occurs between the coiled coil and the FReD. By these rules, the chicken genome has five of six possible orthologs of the human set, green lizard four, African clawed frog eight, mangofish six, and zebrafish ten. We were only able to make a single positive identification in the lamprey: an authentic angioarrestin that was 80% identical with the sequence of human ANGPTL-2 (Supporting Information Figure S12 ), did not have CXCXC, and which contained the prolinerich segment between the coiled coil and the FReD.
Fibroleukin. The number of fibroleukin sequences varies from one to three in vertebrate genomes. Single copies are found in human, marsupials, lizard, and chicken, two each in frog, zebra fish, and lamprey, and three in mangofish (Table II) .
Intestinal chitin-binding proteins (FIBCD1). The FIBCD-1 FReP, which occurs in the brush border intestinal wall and is known to bind chitin, 9, 35 was found in every vertebrate examined, almost always with a characteristic membrane-spanning sequence in the amino-terminal region (the one exception corresponds to an unsequenced region in the lamprey genome). Zebrafish and mangofish have two genes for this protein.
Microfibril-associated glycoproteins. Phylogenetically, the MFAgps are most closely related to the intestinal chitin-binding protein (Fig. 2) . Although none was found in lamprey, there are 15 in zebrafish and 9 in mangofish, four in the frog, and one each in lizard, opossum, and human. None was found in chicken or in the draft genome of the platypus (Table II) . It is thought that asparaginelinked carbohydrate in MFAgp plays a role in binding to integrins, 8 and indeed the motif for such a site persists throughout the vertebrates. The intestinal chitin-binding protein also consistently exhibits such a motif, however, as do many other of the FReDs examined.
Fibrinogen domains. All vertebrates appear to have a set of three orthologous genes corresponding to the bC, cC, and a 0 C FReDs found in human fibrinogen. In this regard, it is firmly established that the ''holes'' of bC and cC FReDs interact with ''knobs'' on other fibrinogen molecules during fibrin formation, but, as far as is known, the carboxyl domain of a minor form of the a chain denoted a 0 C does not. In lampreys the a 0 C is part of a separately encoded a chain, 36 but in jawed vertebrates it is the result of alternative splicing.
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Hepassocins. Most non-mammalian vertebrates have two hepassocins. Only one was found in the lamprey, marsupials, and mammals. Phylogenetically, hepassocin FReDs invariably cluster with those from fibrinogen ( Figs. 2 and 3 ).
Vertebrate FReDs change at different rates Different FReD types change at vastly different rates. The slowest changing FReDs are the angiopoietins and angioarrestins; the fastest are ficolins (Fig. 4) . For example, human ANGPTL-2 and an angioarrestin from chicken have only two differences among their 221 residues, but the lone ficolin in chickens has 75 differences among 211 residues in its best match with a human ficolin. Not only do ficolins change faster than other FReDs but they also experience more of that change in the third subdomain (''P domain'') than in the first and second subdomains, the very opposite of what occurs in all other FReDs except the microfibril-associated glycoproteins (MFAgps) ( Table III) . The differential is most pronounced when orthologs are compared, but it extends to paralogs as well, a relevant observation when evaluating the large numbers of FReDs in non-chordate organisms like the sponge and sea anemone. 
Protochordates
Two protochordate genomes were downloaded and surveyed: the cephalochordate amphioxus (Branchiostoma floridae) and the urochordate sea squirt (Ciona intestinalis). For the most part, however, our study concentrated on the sea squirt; our examination of the amphioxus database, which has an inordinate number of FReDs, was limited to establishing the presence or absence of certain key sequences, as will be noted in passing. Experimental evidence for FRePs with bacterolytic activity has been reported for the closely related species, B. belcheri.
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As it happens, the genome of the common sea squirt on its own revealed a set of remarkable evolutionary innovations involving FReDs. These include self-incompatibility factors, proteins that interact with the signaling protein Notch, notochord developmental factors, a protofibrinogen, and a transcription factor, the last named being the only reported case of an intracellular FReD. None of these appears to have a counterpart in the amphioxus genome.
Tenascin. As noted in earlier reports, 33, 39 C. intestinalis has one very long FReP with a domain combination typical of tenascin. It has also been noted that amphioxus has a similar gene.
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Ficolins. Previous workers have identified ficolins in other ascidians 40 ; we counted nine in sea squirt with various numbers of collagen GXX-triplets. Phylogenetic trees showed that none of these is orthologs with ficolins found in vertebrates (Supporting Information Figure S14 ).
Angiopoietins and angiopoietin-like proteins.
Given the criteria used for vertebrates, we did not find any authentic angiopoietins in the sea squirt (C. intestinalis) genome. We did find a gene for a protein that clusters with angioarrestins, however, the protein sequence (NCBI entry XP_002126422) of which is almost 60 percent identical with various members of the vertebrate ANGPTL subfamily.
Fibroleukin. The C. intestinalis genome has a FReD that clusters with the fibroleukins from vertebrates on phylogenetic trees. However, the 400-residue long amino-terminal connector segment of this entry (NCBI NP_001027605) is about twice as long as a typical fibroleukin connector and bears no sequence resemblance to vertebrate fibroleukins, nor does it resemble any other known animal protein.
FIBCD1 and microfibril associated glycoprotein.
No genes for either of these FRePs were identified in the sea squirt genome.
Fibrinogen domains. A precursor form of vertebrate fibrinogen had previously been found in the sea squirt genome in which three consecutive genes give rise to a subunit protein containing obvious coiled-coil segments, followed by FReDs with the exact same disulfide bonding pattern that occurs in vertebrate fibrinogen b chains. 25 In contrast, no gene was found for hepassocin.
Self-incompatibility factors. In C. intestinalis, FReD-containing proteins are part of a self-incompatibility system that prevents self-fertilization by these hermaphroditic creatures. 41 The FRePs, which are called v-Themis A and B, occur in the vitelline coat of eggs and are extremely polymorphic. The complementary membrane-bound receptors, which are not FRePs, occur in sperm and are called s-Themis A and B. Fertilization in these creatures is an external event, and the various combinations of sperm and egg A and B sort themselves out in the company of other individuals in a way that minimizes self-fertilization and inbreeding. 41 The sea squirt self-incompatibility FReDs are very diverse (37-75% identical with each other), a refection of the extremely rapid rates of change characteristic of proteins involved in gamete recognition. 42 Transcription factor. The solitary intracellular occurrence of a FReD, so far, is in a sea squirt transcription factor 43 and is worthy of detailed comment.
NCBI lists two entries that are more than 99% identical and are apparently the same protein (FFA00181.1 is described as ''TPA: transcription factor'', and XP_002132084) as ''transcription factor CBF/NF-Y/archaeal histone''). In either case, the sequence has the same amino-terminal histone-2A domain connected to the same FReD. The NCBI also contains several other entries labeled ''Predicted: Similar to transcription factor protein''. Upon phylogenetic analysis of their FReDs, these proteins-the ''similars'' and the TPA-transcription factor-cluster together tightly. We have found that the ''similars,'' all have amino-terminal neighboring collagen domains, however, which by any account makes them ficolins and not transcription factors. Indeed, the gene for one of the ''similars'' lies exactly next to the gene for the transcription factor, and careful inspection of the DNA sequences in this region shows how a coincidental splicing of alternate exons allowed the birth of this unique transcription factor (Fig. 5) .
If the NCBI entries are correct, then, in a very unusual occurrence, the first exons of the FReDs in the adjacent genes are read in two different frames, a most unlikely occurrence that poses a dilemma for how one of these exons could be connected to the next exon, because one of the translations would have to be in conflict. More likely, there is yet another small exon (yellow in Supporting Information Fig. 5 ), properly phased, between the histone gene and the duplicated gene. In any case, the duplication leading to the transcription factor was a very recent event in ascidian evolution and is not likely to be in evidence in other lineages. Nothing similar was found in amphioxus.
Non-chordates
The strategy of using the human set of FReDs as a template for identifying orthologs in other species was less useful in non-chordates because of problems associated with greater evolutionary distances. Instead, trees were constructed with various sets of FReDs from different non-chordates in search of orthologs. Additionally, sequences neighboring the FReDs were examined in an effort to follow evolutionary appearances.
Sponge. Partial sequences aside, 92 full-length FReDs were identified in the sponge, Amphimedon queenslandica (Table IV) , the majority of which have short uncharacterized sequences on their amino-terminal sides (<60 residues between the signal sequence and the FReD). None has collagen-like sequences or any of the domains associated with FRePs found in chordates. However, 41 of the 106 had an 50-residue motif containing five or six cysteines, consistent with a tightly folded, disulfide bonded domain. The motif was not found in any other proteins in the NCBI protein database. Figure 5 . The evolution of a transcription factor in the ascidian lineage (shown here as a region from the sea squirt (Ciona intestinalis genome) resulted from the duplication of a ficolin gene downstream from a histone-2A gene. The duplication led to an unusual alternative splice in which a histone exon connects to a FReD in the duplicated gene, omitting the collagen segment (violet). In the NCBI versions, the exons X 1 and X 2 (light green) have the same DNA sequence but are read in different frames, a happenstance that would befuddle further splicing in the correct frame. The problem would be solved if a putative exon (yellow) in the histone region was used to put the reading frames in register. In another case, an 300-residue connector corresponds to a nidogen-like domain. Apart from those two, the three other sponge FRePs with relatively long connectors appear to be artifacts resulting from mispredicted splicing.
When included in phylogenetic trees with FReDs from other phyla, sponge entries invariably cluster separately, indicating an independent diaspora that has been occurring since the time of the last common ancestor of sponges and other animals. That said, and neighbor domains aside, sponge FReD sequences tend to occur closest to chordate ficolins and tenascins (Supporting Information Figure S17) . A tree that compares a random assortment of 25 sponge FReDs with 25 sea anemone FReDs is shown in Supporting Information Figure S18 .
Sea anemone. Again not counting partial sequences, the genome of the sea anemone (Nematostella vectensis) contains about 25 full-length FReDs, most assigned as ''predicted proteins.'' On average, the FReDs are about 45% identical to those found in sponge. Most of the sequences between the signal peptide and the FReD are quite short. Remarkably, the longest of the sea anemone FRePs (XP_001638156, 264 residues) has an amino-terminal collagen segment composed of 15 tripeptidyl GXX-repeats and has to be regarded as an independently evolved ficolin.
Snails. FReDs from the snail Biomphalaria glabrata have been extensively studied in the past, 13, [44] [45] [46] and our observations are mainly confirmatory. Neighboring domains have previously been found to be immunoglobulin domains and, in one case, a brace of EGF domains. 46 The lengths of these FRePs range from 372 to 756 residues. One of these (NCBI: AEO50747.1) has a connector domain (COG1196) that is also found in a Drosophila FReP (NCBI: NP_001104020) and is a likely ortholog.
Round worms. Because the round worm, Caenorhabditis elegans, is a traditional favorite of biologists, we surveyed its FReDs. Most of the amino-terminal connections in eight FRePs are uncharacterized segments amounting to about 200 residues each.
Insects. Insect FRePs, particularly from mosquitoes and fruit flies, have been the subject of numerous studies in the past. [47] [48] [49] [50] Consistent with those earlier studies, we found a great variation in numbers of FReDs in various insects, ranging from 29 in the mosquito Anopheles gambia to only two in the honeybee, Apis mellifera (Table IV) . It has been reported that in mosquitos a FReP referred to as FBP9 (ADF80549) is a dimer. 49 The relatively short amino-terminal segment (about 60 residues) contains a single cysteine that is likely responsible for dimer formation.
In the case of the honeybee, both FRePs appear to be orthologs of proteins found in other insects, one being the well know scabrous protein originally found in Drosophila melanogaster. 10 The scabrous protein in Drosophila is known to be a homodimer. 51 Sea Urchins. The sea urchin (Strongylocentrotus purpuratus) is a basal deuterostome and a reasonable place to search for ancestors of chordate FRePs. Several of the FReDs tend to cluster with human ficolins and tenascins (Supporting Information Figure S15 ), but none of them had collagen segments or any hint of domains found in combination with vertebrate tenascins. In the end, we were unable to place any of the 35 FReDs as orthologs with chordate counterparts (Supporting Information Figure  S16 ).
Two classes of FReD
Phylogenetic analysis suggested that there are two distinguishable groups of FReD, one of which occurs in all animal groups and the other of which is restricted to protochordates and chordates (Supporting Information Figure S17 ). The most significant differences between the two groups occur in the third subdomain (''P domain'') where ligand binding occurs. The later emerging group, which we call Class II, has longer sequences in this region, the result of several insertions. As a first approximation, assignment to one of the two classes can be determined simply by counting the number of residues between the two characteristic disulfide bonds that define FReDs, a simple reflection of an assortment of small insertions and/or deletions in this region (Fig. 6) ; the two classes also differ as a result of other insertions nearer their carboxyl-termini. Both kinds of insertion bear heavily on the nature of the binding site. X-ray crystallographic structures are available for both classes of FReD, and although much has been written about how similar they are, the differences are what dictate their different functions. The class I structures include all three human ficolins, angiopoietin-2, and horseshoe crab tachylectin. The class II structures include the a 0 C, bC, and cC domains of a variety of vertebrate fibrinogens.
Previous structural alignments [21] [22] [23] [24] have focused on similarities in ligand binding. For example, the small molecule ligands for mammalian ficolins and horseshoe crab tachylectin-all class I FReDs-are virtually superposable in such alignments. 22, 23 Class II ligands have also been shown to superpose at the same locations, 24 although, as discussed below, some distinguishing features for these comparisons have not been remarked upon previously.
In this regard, all FReDs appear to indulge in macromolecular interactions, the complementary nonFReD interactant typically, but not always, protruding from cell surfaces. Many FReDs are designated as lectins because the interactant is a carbohydrate. Experimentally, FReDs have been shown to bind to sialic acids, acetylated sugars, chitin, and D-and Lsugars of bacterial origin (Table V) . 9, 12, 14, 22, [52] [53] [54] [55] [56] All known carbohydrate-binding FReDs fall into class I.
Assignment of FReDs to one of the two classes was a first step in correlating structural modifications with changes in function. However from the viewpoint of function, FReDs can be categorized into three groups depending on whether (a) they interact directly with host cells (e.g., angiopoietins), (b) bind to nonhost cells (e.g., ficolin), or (c) bind peptide knobs at the ends of extended tethers (e.g., fibrinogen/fibrin). It might be expected, a priori, that the direct face-to-face nature of host cell signaling would be the most demanding with regard to conserving structure, and certainly angiopoietins and angioarrestin FReDs change the most slowly (Fig. 4) .
Sugar-binding FReDs
Although FReDs from all three human ficolins have binding sites at locations corresponding to the polymerization ''holes'' that occur in vertebrate 
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Other class I FReDs, for which X-ray structures are not available, have been shown to bind a similar set of N-acetylated sugars and other acetylated small molecules (Table V) . Sequence comparisons of the chitin-binding protein called FIBCD1 have been made with horseshoe crab tachylectin and ficolins, 9 ,35 many of the same residues being found to be essential for binding. The alignment of essential residues for binding sugars or their derivatives holds up when ficolins of other vertebrates are used, however, as well as when FReDs from non-chordates are examined (Fig.  7) . Numerous other class I FReDs meet the same conditions also, including MFAgp, the FReD of which is closely related to that of FIBCD1. Indeed, many sponge and sea anemone FReDs meet the same criteria, as do several sea squirt FReDs (Fig.  7) , and it can be anticipated that many of these share the ability to bind N-acetylated moieties.
The question arises, which of the class I FReDs do not have the key residues regarded as essential for acetyl binding? Tenascins, some of which are reported to bind to integrins by way of the RGD motif, 58 for example, lack a key region in the FReD as the result of a deletion (Fig. 7) . In the past, RGDs in tenascins have been mainly associated with their FN3 domains, and only two of the 37 tenascins we examined have an RGD sequence in the FReD (one of the five in zebrafish and one of the three in platypus). In only one instance could we find a report of a possible ligand binding to the FReD portion of a tenascin, 59 and apparently, a structural characterization of that interaction has not been pursued. In Figure 7 . Alignment of key interfacial region (third subdomain) from a series of FReDs. Residues known to be involved in ligand contacts on the basis of X-ray crystallography (sequences marked with * have X-ray structures) are shaded red; otherwise conserved residues are green. Note that matches with all the shaded residues from human ficolins and the horseshoe crab tachylectin occur in several sponge and sea anemone FReDs, as well as with FIBCD1 and MFAgp. Tenascin FReDs have suffered a deletion in a region thought to be essential for binding acetylated sugars.
our view, the auspicious location of FReDs in tenascins at the very ends of long gangly tethers begs for involvement.
Cell surface receptors and FReDs
The crystal structure of the angiopoietin-2-receptor complex is an example of a FReP acting as a diffusible signal with a host cell receptor protein. 60 The ligand-receptor interaction itself is mostly spread across a large complementary hydrophobic surface. Interestingly, structural alignment of other class I structures-horseshoe crab tachylectin and human ficolins-with the angiopoietin-2 model results in surprisingly smooth fitting with the angiopoietin receptor, virtually no clashing observed at the backbone level (Fig. 8, upper panel) .
Angiopoietins bind to their receptors without the involvement of carbohydrate; however, a variety of polar and nonpolar interactions occurring between amino acid sidechains across the interface. Even so, the results suggest that during evolution there is no fundamental barrier between pattern recognition class I structures and those involved in host cellactivation.
FReDs that bind amino-terminal peptides
In contrast, in the only two instances where FReDs are known to bind peptide ligands, the FReDs are class II (the bC and cC domains of vertebrate fibrinogens), and superposition of class II structures on the angiopoietin-2 model results in severe clashing with the receptor backbone (Fig. 8, lower panel) . The interaction of ''knobs and holes'' that occurs in vertebrate fibrin formation is very different from the face-to-face interaction observed in the angiopoietinangiopoietin receptor complex. Besides the inserted loops, the bC and cC domains of vertebrate fibrinogen have experienced a series of substitutions at key sites whereby hydrophobic residues are replaced by polar ones, the sidechains of which have been shown to be critical for specific peptide binding.
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Discussion
FReDs are found in all animals, from sponges to mammals; they do not occur in choanoflagellates, the proposed direct descendant of the last unicellular ancestor of animals. 61 The sponge genome (A.
queenslandica)
62 contains almost a hundred fulllength FReDs; most of which were spawned by gene duplications that occurred well after the divergence of modern sponges from the common ancestor with other animal phyla. Phylogenetically speaking, there have been drastic expansions and contractions of FReD populations along all lineages. Among insect genomes, for example, the FReD count may be as high as 30 in some species, but silkworms have only three occurrences and honeybees only two. Although FReDs from non-deuterostomes are frequently called ''angiopoietin-like'' or ''ficolin-like'' or ''tenascin-like'', etc., these are not genuine ficolins (no collagen domains), nor are they authentic tenascins (no Fn3 domains), nor any of the other types of FReD found in deuterostomes. In the sea anemone genome (N. vectensis), a FReD was found adjacent to a collagen segment, but phylogenetic considerations indicate that it is the result of independent evolution and not a strict ortholog of vertebrate ficolin.
Nonetheless, the conventions of nomenclature are such that many FRePs from non-deuterostomes have been named ''ficolin-like'' or ''tenascin-like,'' and so forth, based on the kind of sequence they tend most to resemble. Our findings suggest that it would be folly to infer any commonality of function from these names, however. In the lower panel two class II FReDs (the bC (brown) and cC (magenta) domains from human fibrinogen, PDB 1FZC) structurally aligned with angiopoietin in the same way. Unlike the ficolin and tachylectin, the class II FReDs clearly clash with the appropriately positioned angiopoietin-2/Tie-2 receptor (cyan).
FReDs and innate immunity
Many FReDs have been implicated in the phenomenon of innate immunity, and especially in the recognition of pathogens. 12, 13, [46] [47] [48] 57, 63, 64 Chief among these are the ficolins. Although genes for ficolins have been found among the protochordates, notably they have not been found in fish. The frog (Xenopus tropicalis) has more than two dozen ficolin genes; lizards have four and birds only one. On the other hand, fish have multiple genes for microfibril-associating glycoproteins ( Table II) . Given that MFAgps exhibit the same unusual kind of accelerated change in their third domains, it may be that in fish these proteins are playing the same role as ficolins, even though without a collagen portion they would not participate in the complement pathway, a characteristic of vertebrate ficolins. 65 Ficolins have evolved independently on at least three different occasions. One was found in the sea anemone genome but not in the sponge or any of the protostomes we examined (round worm, snail, and four arthropods). They are found in protochordates (e.g., sea squirts) and all tetrapods, but not fish.
Among non-chordates, FReD-containing proteins have been shown to defend against infection. In snails, for example, studies have shown that these proteins help resist infection by trematode parasites. 13 In horseshoe crabs, FReD-containing proteins are known to have strong bacterial agglutinating activity. 63 As a general rule, the interactive third subdomain (''P domain'') changes more slowly than the rest of the FReD. In contrast, in ficolins, often cited as being part of innate immunity, the third subdomain changes significantly faster than the other two subdomains. Positive selection associated with this change is implied by the drastic differences in rates of change.
When on occasion a FReD may assume a new, more specific function, the accelerated change in the third subdomain comes to a halt, the new attachment interaction geometry being locked in and conserved. As an example, arthropod FReDs orthologs to the scabrous gene product of Drosophila exhibit a slower change for the third subdomain than for the rest of the FReD (Table III) . The scabrous gene encodes a diffusible protein thought to interact, directly or indirectly, with photoreceptor cells during development. 51 In summary, FReDs are widely distributed in the animal kingdom, almost entirely as extracellular, diffusible proteins, the interactive sites of which typically involve the carboxyl-terminal subdomain. The broad diversity of functions exhibited by these structures range from cell signaling to the binding of pathogens to fibrin gel formation. A potential for binding alien pathogens is reflected by a very rapid change in the carboxyl-subdomain that is manifested in vertebrate ficolins (and fish MFAgps), as well as numerous non-chordate FReDs, and is likely characteristic of positive selection. On another note, structural changes that gave rise to the ability to bind tethered peptide knobs leading to polymerization arose after the split leading to chordates, the first evidence of their presence occurring in ascidians (sea squirts).
Materials and Methods
Databases
Database holdings available at the National Center for Biotechnology Information (NCBI.gov) were used extensively. Whole sequence genomes for sponge (A. queenslandica), sea anemone (N. vectensis), honeybee (A. mellifera), sea urchin (S. purpuratus), amphioxus (B. floridae), sea squirt (C. intestinalis), mangofish (Oreochromis niloticus), and green anole lizard (Anolis carolina) were downloaded on to our own computer. These databases were used for resolving anomalies associated with automated splicing errors, as well as for determining the origin of rearrangements leading to the unique transcription factor in C. intestinalis.
BLAST 66 in one form or other was used for all searches. Alignments and trees were calculated by the progressive method 67 and trees drawn at the Phylodendron website (http://iubio.indiana.edu/ treeapp/treeprint-form.html). PDB files were downloaded from the Protein Data Bank (www.rcsb.org). Structures were manipulated with PyMol. 68 All structural alignments were made by specifying the 14-residue segment encompassing the unique disulfide bond in the FReDs being compared. 
